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ABSTRACT

CONSTRUCTION OF POROUS SILICON SCHOTTKY DIODE STRUCTURE

Anjani Challa, M.S.
Department of Electrical Engineering
Northern Illinois University, 2016
Dr. Michael J. Haji-Sheikh, Co-Director
Dr. Suma Rajashankar, Co-Director

The thesis work mainly focuses on the design, fabrication and
characterization and testing of the device using porous silicon. The two wafers used for this work
are the silicon wafer coated with silicon nitride on the both sides. To prepare a mask, a design is
drawn using AutoCAD software. The photoresist is coated on the front side of the wafer using spin
coating technique and the silicon nitride which is coated on the back side of the wafer is removed
by dry chemical etching process. Windows are opened on the front side of the wafer using positive
photoresist technique. Silicon nitride is etched on the front side of the wafer where the windows
are opened. For the first wafer, gold/chromium is deposited on the back side before the porous
silicon formation and for the second wafer titanium/gold is deposited after porous silicon
formation. The wafers are then diced into small pieces to form porous silicon.

Porous silicon is formed by electrochemical etching of silicon. The
electrolytes used to form porous silicon are the mixtures of HF:Ethanol and HF:Acetonitrile of
both 1:3 ratios. The process is carried out by varying the etching time, current density and keeping
the concentration of electrolyte constant. The results are analyzed using scanning electron
microscope (SEM) and UV-Vis spectrometer. The metal is deposited on top and bottom of the
samples using titanium/gold. When the device is exposed to light, the Schottky diode
characteristics are observed.
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CHAPTER-1

INTRODUCTION TO THESIS

1.1 Motivation

Research work has been carried out on zinc-oxide nanowires on porous silicon,
which has potential applications in various fields like biological, chemical, sensor, drug delivery,
micromachining etc.
The main motive of this thesis work is to make a gas sensor device using porous
silicon. The previous works which were carried out in Northern Illinois University focused on
growth of zinc-oxide nanowires on porous silicon.
Shravya Rangineni is the one who proposed the method of electrochemical
etching to form porous silicon. The results mainly depend on the different electrolyte
concentrations, etching times and current densities to form porous silicon. The porous silicon
samples are analyzed by the SEM images and UV-Vis spectroscopy [1].
Pramoud Kaushik continued the work of Shravya Rangineni to grow zinc -oxide
nanowires on porous silicon he used chemical vapor transport method in Lindsberg furnace by
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using graphite powder and zinc-oxide as sources. Through SEM images he observed that etch
residue has been formed which would be the reason for blocking the pores [2].
Later, Swetha Garga came up with the solution for residue formation on the surface.
She introduced a back bias for minimum duration to form porous silicon. The SEM results showed
up with no residue formation. No clue of zinc-oxide nanowires when she used the chemical
Next, Neelima Chowdary Guturu compared two different electrolyte solutions
that form porous silicon. She then opted the samples which have better pores and used them for
zinc-oxide nanowire growth. A thin layer of deposition of gold is done before the zinc-oxide
nanowires are formed. For the growth process the technique used is chemical vapor condensation
in Lindsberg furnace. Later, SEM, XRD and UV-Vis are used for sample analyzation [4].

1.2 Literature Review

In the University of Putra, Malaysia, Mohammed Jabbar Hussein et al. conducted
experiments on P-type porous silicon. The samples were prepared using electrochemical method
with different etching times and current densities. The results show porosity and porous thickness
are increased in current density or etching times. The porosity and porous thickness increase up to
40mins. The increment of porous thickness is higher compared to porosity for etching time
increment. The increment of two parameters is linear for increase in current density [5].
Moshe Ben-chorin and Andreas Kux from Technical University of Munich,
Germany, derived experiments on gas-sensing properties of porous silicon. Their study is based
on the radical variations in electrical conductivity of porous silicon on exposure to different
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chemicals in gaseous form. In their work, microporous silicon is prepared through anodization of
P-type, B-doped silicon wafer having 5Ωcm resistivity. The electrolyte solution used for etching
is 1:1 HF (49% in H2O) and Ethanol. Aluminum contacts were placed on top of porous silicon
layer through evaporation and metal wires are used for connection.
By keeping the samples at ambient parameters in vacuum chamber, the chemical
gases were introduced. They then achieved C-V curves to be approximately symmetrical for
vacuum or atmospheric nitrogen at 0V. Their work also noticed the current variations at different
pressure conditions for methanol gas [6].
S.Khoshnevis et al. observed the investigation of P-type porous silicon electrical
behavior when oxygen gas is passed at different fabrication situations[7]. The electrolyte used for
forming porous silicon is HF(40%):Ethanol:H2O. Their work showed the C-V profile of the device
is not symmetrical with respect to 0V at ambient pressure and in the presence of atmosphere at
room temperature. The vapor effect is observed; when oxygen gas is introduced, the observation
was increase in the conductivity for applied voltage. The effect of increment in the concentration
of Ethanol and water increased the porosity in the porous silicon through which the adsorption of
oxygen molecules has been increased and indeed increased the conductivity. Their work depicted
that increase in the porous area effect increases the allowance of the oxygen molecules into the
porous silicon sample which resulted in a hike in the current. When the pressure of O2 gas into the
chamber is hiked, the increment in pressure causes the high O2 gas adsorption, yielding in current
increase [7].
Baratto et al. presented their experiments on the effect of presence of 250 ppm
of CO through PL measurements. The electrolyte solution used to form porous silicon in their
work is HF:Propanol of 7:3 at current density of 35mA/cm2 for 25mins. Their work also proposed
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that sensing of organic gaseous vapors like chloroform, toluene and methanol can be done through
electrical porous silicon types of devices. To increase the sensor performance, the device is heated
up using a Platinum heater [8].

1.3 History of porous silicon

The concept of Porous silicon came out in 1956 by Arthur Uhlir Jr. and Ingeborg
Uhlir at Bell labs, U.S.A, while the electropolishing and shaping techniques were done on the
surface of silicon and germanium. A colored film is observed on the wafer. However, the results
were not moved further up to the late 1980s [9].
Later in 1990s the experiments based on porous silicon started showing
astonishing results while Leigh Canham working at the Defence Research Agency in England. The
results of great work reveals about the emission of light from porous silicon wafer under
electrochemical and chemical dissolution. His results show that porous silicon has quantum
coefficient of carriers in nanocrystals. Canham is the one who was first to explore the
optoelectronic and biomedical applications of porous silicon [9].
Porous silicon is mainly classified based on porosity and pore size. Porosity can
be increased by increasing current density. More stability is obtained with low/medium porosity.
The optical properties of porous silicon depend on the porosity and medium inside the pores.
Depending on the pore width the pore sizes are classified as microporous, mesoporous,
macroporous [9].
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1.4 Scope of thesis

The main motive of the thesis is to construct a porous silicon Schottky diode
structure. This work uses the silicon wafer coated with silicon nitride on both sides. The wafer is
designed in such a way that 12 small windows are opened on the entire wafer using
photolithography and then wafer is diced. In this thesis two wafers are prepared with
gold/chromium coating on the back side of one wafer before etching and titanium/gold on the
second wafer after porous silicon formation. The porous silicon is formed using two electrolyte
solutions; they are HF:Ethanol and HF:Acetonitrile, both in 1:3 ratio. The gold is etched on the
first wafer while performing porous silicon for higher current density and etching times. They both
are compared for better porous formation through SEM and UV-Vis analysis. Then metal is
deposited on the top and bottom of the second wafer using titanium/gold. The device is tested
using probe testing method. Using probe testing method Schottky diode characteristics, variations
in resistance due to different temperatures and different light intensities are observed.

CHAPTER-2

GROUNDWORK OF THE EXPERIMENT

2.1 Design of the wafer

A mask is designed in AutoCAD software using donut and polyline. The design
is converted using the Art conversion software and the print of the mask is obtained. The printed
sheet is then kept on the wafer to define windows on the wafers using positive photoresist.

2.2 Fabrication and Characterization

The wafers used for this experiment are silicon substrate coated with silicon
nitride on both sides. The thickness of the silicon nitride is measured for both wafers. Coat the
front side of the wafers with photoresist and then silicon nitride on back side of both wafers is
etched using chemical dry etching process. The photoresist is coated in order to protect the front-
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side etching of the wafer while performing dry chemical etching. Remove the photoresist and again
freshly coat the photoresist on front side.
The positive photoresist is the one where the part of photoresist is soluble when exposed to UV
light when kept under photoresist developer solution [10]. The wafers are then developed in the
developer solution. The windows are then formed on the photoresist. Now etch the silicon nitride
on the front side and measure the thickness of the small square opened windows. Remove the
photoresist on front side of the wafers. For wafer#1, gold/chromium is coated on the back side and
diced into small samples before porous silicon formation. For wafer#2 the wafer is first diced and
metal contacts are coated after the porous silicon formation.
The electrochemical etching is performed on the diced samples for porous
silicon formation. The solutions used for the etching process are 200ml of 49% HF:Ethanol and
200ml of 49%HF:Acetonitrile in both 1:3 ratio. For the etching process, platinum wire is the
cathode and the silicon sample is the anode. After the porous silicon formation, the characterization
procedures such as SEM and UV-Vis are carried out on the samples for the surface analysis and
the absorption spectroscopy analysis.
The metal deposition is performed on the selected samples which showed desired
results after porous silicon formation. The metal deposition is carried out on the front and back
sides of the wafer in the evacuated chamber through evaporation technique.
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2.3 Testing

After the metal deposition is performed, the fabrication is completed. A device
is formed finally. Then the metal-deposited samples are tested using the probe testing instrument.
The device is placed on the probe stand and the electrical measurements are noted.

CHAPTER-3

EXPERIMENT PROCESS FLOW

3.1 Design using AutoCAD software

The AutoCAD is a commercial software to design 2D and 3D computer-aided
design. For this work AutoCAD was used to design the mask. A 2D picture is drawn using the
donut and polyline commands. Compatibility with other software like Civil 3D, ESRI ArcMap and
conversion of pdf files is feasible [11]. For this work, the AutoCAD 2014 version is used and
converted to 2004.dxf format which is convertible for Art conversion in MRDL which is the
Electrical Engineering Department at NIU.
To create a margins of a wafer, donut command is used with 4-inch and 3.7-inch
outer and inner diameter dimensions (Figure 3.1).
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Fig 3.1: Design of the mask in AutoCAD software.
The wafer is then patterned to small squares. The large square is formed by
joining the polylines by leaving the small space in between, which appears as a small square to
open the window. The dimensions of the sample are as follows: the side of the large square is
0.6189 inch and side of the small square is 0.154inch. The spacing between two large squares is
0.00984inch (Figure 3.2). The mirror command is also used. The left two squares are created first
and then the mirror command is used to get the replica on the right squares.

0.6189 inch

0.154inch

Fig 3.2: Dimensions of a sample which is cut from a wafer.
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3.2 Measure silicon nitride thickness

The wafers are placed on the thickness measurement sample holder. Then the
settings in the computer are set to measure silicon nitride thickness measurement. By varying the
knob, move the wafer to various positions and measure the thickness of the wafer.
Figure 3.3 is the image of NANOSPEC which measures the silicon nitride
thickness which is used for this work in the MRDL laboratory. The left side in the image is the
place where the sample is placed. The computer on the right side gives the thickness measurement
values at various positions on the wafer.

Fig 3.3: NANOSPEC Film Thickness Measurement System.
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Thicknesses found are:
Wafer#1: 1229Ao, 1244 Ao, 1236 Ao, 1411 Ao, 1240 Ao, 1386 Ao.
Wafer#2: 12069 Ao, 12069 Ao.
Observation: The wafer#2 is uniformly coated when compared to wafer#1.

3.3 Coat photoresist on front side

The photoresist is coated on the surface of the wafer. The photoresistive
material is sensitive to light. This is used to coat the surface of the wafer. There are two types of
photoresists: positive and negative photoresist. In this thesis work positive photoresist is used.
For this experiment, place the wafer on the spinner. Now pour the photoresist
liquid on the wafer and spin it for 30sec at 3000 rpm. Make sure that the liquid is spread uniformly
all over the wafer. Now bake the wafer at 100o C for 1 min on the hot plate, so that the photoresist
coating is firmly attached to the wafer.
The entire photoresist unit is shown in Figure 3.4. The right-side portion of the
equipment is the place where the spinner is located. The wafer is placed on the spinner to rotate.
The left portion of the equipment is where the hot plate is kept. On the hot plate the wafer is placed
to bake.
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Fig 3.4: Bench setup to coat photoresist on front side of the wafer.

3.4 Silicon nitride etching on back side

To perform the silicon nitride etching, place the wafer in such a way that the
back side of the wafer faces outside. Turn ON the vacuum knob for 30sec, turn ON the RF OUT
knob and then turn ON the SF6 gas knob till the pressure stabilizes between (130-150mTorr). For
this experiment pressure observed is 133mTorr. Set the power supply to 250W. There will be two
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display screens showing forward power and reflected power. The forward power is set to 250W
and reflected power is set to 3W. When the process is undergoing, the power would fluctuate a bit.
So, to adjust the power, move the “auto man rem” knob left and right depending on the variations.
Setup should be set for 10mins. After 10mins turn OFF the RF OUT knob and SF6 gas. Wait for
15sec and then OFF the vacuum knob. Turn ON the vent knob and OFF it. Now take the wafer out
of the chamber.
Figure 3.5 shows the picture of silicon nitride chemical dry etching chamber.
The wafer is placed inside the cap of the etching chamber which is on the right side of the picture.
The control knobs and buttons of the SF6 gas, pressure and power supply are maintained.

Fig 3.5: Chemical dry etching chamber
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Observation: Silicon nitride is etched from the back side.
3.5 Remove photoresist coated on front side and again coat photoresist

We need to remove the photoresist because while doing the chemical dry etching
of silicon nitride some of the photoresists might have been lost. To remove the photoresist, the
wafer needs to be placed in 1165 photoresist solution for 10minutess. After placing the wafer in
photoresist solution for 10mins, the wafer must be cleaned in deionized water for 15 cycles. Then
rinse the wafer with water and blow dry it to remove the water which is on the wafer. Next, the
wafer is placed on the hot plate for 1min to remove any traces of moisture.
Again the photoresist is coated on the front side using photoresist coating
solution. The wafer is placed on the spinner at 3000rpm for 30 seconds and baked on the hot plate
for 1 minute.

3.6 Defining the windows

For this experiment, positive photoresist is used. Place the wafer at the center of
the photolithography equipment. Place the artwork on top of the wafer. Now place the glass slate
on the top, so that the artwork does not move. When everything is set, firmly the visual align,
wafer load, “cont” and manual expose buttons.
Visual align is the process for the alignment of the wafer exactly below the mask.
Wafer load checks that wafer is loaded into the equipment. The wafer is exposed through the mask
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to the UV light which is set by the manual expose. The process is left for 6 seconds, and then
release the visual align and take the wafer out.
Figure 3.6 and 3.7 are the images of mask artwork and the expose machine. The
wafer is placed in the expose machine by lifting the cap of the machine. On the wafer the artwork
is placed and exposed for UV-light for 6 seconds.

Fig 3.6: Mask printed on a plastic sheet.
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Fig 3.7: Expose instrument.

3.7 Developing the wafer

After passing the UV light the wafer needs to be developed using photoresist
developer solution. The solution used 200 ml of AZ 340 developer solution and water of 1:3 ratios.
Fifty milliliters of AZ340 developer solution and 150ml of water are poured in a tray. The wafer
is then placed in the tray and moved gently for a few seconds. The pattern is developed while
moving the tray.
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When the pattern is developed, remove the wafer from the tray using the tweezer.
The wafer is then cleaned using deionized water and blow dried. The wafer is then kept on the hot
plate to remove the excess traces of moisture for 1min.

3.8 Silicon nitride etching on front side, silicon nitride thickness measurement, photoresist
removing

The silicon nitride is etched on the front side where the windows are opened on
the photoresist. The etching is done by chemical dry etching using SF6. The process is like the
silicon nitride etched on the back side. This process is carried out for 5mins.
Thickness of silicon nitride is measured after etching. The thickness measured
are as follows:
Wafer#1: 126A o and 125Ao.
Wafer#2: Less than 100Ao.
After measuring the thickness, the photoresist is removed using 1165 photoresist
removal solution for 10mins. And then the wafer is cleaned in deionized water for 15 cycles. Now
rinse the wafer with water and blow dry it. Next the wafer is kept on hot plate for 1 min to remove
excess traces of moisture.
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3.9 Differences between wafer#1 and wafer#2

All the process flow is carried out the same for both the wafers till the above
step. In this experiment two methods of fabrication have been carried out, so two wafers are used
to perform one fabrication method on each of them.
Wafer#1: Gold/chromium deposition is done on the back side of wafer#1. A
2000Ao thickness of gold and 200Ao of chromium deposition is coated on the back side of the
wafer. The deposition was carried out in a metal deposition chamber (Figure 3.8). The chamber is
evacuated to 3*10-6 Torr pressure. An electron beam is used to evaporate 200A of chromium at a
rate of 10A/s and to deposit 2000A of gold resistive evaporation technique is used at a rate of
10A/s.

Fig 3.8: Metal deposition chamber.
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Then the wafer is cut though laser cut into 12 small sample pieces according to
the design. Now, the electrochemical etching is performed on each sample for porous silicon
formation.
Wafer#2: For the wafer#2 no deposition of gold is coated on back side of wafer.
The wafer is diced by laser cut into 12 small samples. Then the electrochemical etching is
performed on each sample for porous silicon formation.

3.10 Electrochemical etching

The electrochemical etching is a process which is usually used for metals to etch.
Electrochemical etching is a process which uses an electrolyte solution, a cathode and an anode.
The metal piece is the anode through the positive end of the direct current source. The metal piece
connected to the anode is etched. The metal piece cathode which is connected to the negative end
of the constant current source. The anode is a metal piece which dissolves and chemical reactions
take place when current is provided.
For this work two electrolyte solutions are used: 49%Hydroflouric acid: Ethanol
in 1:3 ratios and 49%Hydroflouric acid: Acetonitrile in 1:3 ratios. The Acetonitrile used is 99.8%
pure. For wafer#1 etching is done in both electrolytes. For wafer#2 etching is carried out only in
HF:Acetonitrile solution. The chemical reactions are as follows when the current is provided:
Divalent anodic reactions are:
Si + 6HF→H2SiF6 + H2 +2H- + 2e- …… (2.1)
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Si + 2HF + 2h →SiF2 + 2H

…....

SiF2 +4HF → H2 + H2SiF6

…… (2.3)

+

+

(2.2)

Tetravalent anodic reactions are:
Si + 4HF + 4h+ → SiF4 + 4H+

…… (2.4)

SiF4 + 2HF → H2SiF6

…… (2.5)

The factors which affect the porous silicon formation are concentration of
electrolyte, current density and etching time. The sample is etched due to the formation of cations
by the hydrogen in hydrofluoric acid [12].

3.11 Metal deposition

After the porous silicon formation on all the samples, the samples which showed
desired results in porous formation are chosen to deposit metal on the front and back sides. The
titanium/gold is coated on the back side of thicknesses 100Ao and 2000Ao respectively. On the
front side, titanium of 50Ao is deposited covering the one third of the sample including the pores
and on the remaining part of the sample titanium/gold of 100Ao and 2000Ao are deposited. The
fabrication of samples is completed. The device was formed finally. The metal deposition is
performed by the lab manager Mr. Gregg Westberg.
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3.12 Testing

After the metal deposition, the device is to be tested. The device is tested on the
probe testing instrument. The probe testing instrument is first turned ON. Then turn ON the
vacuum in the testing chamber. Turn ON the microscope. Place the device on the probe stand in a
way such that the microscope light focuses on the porous silicon area of the device. Now set the
temperature for testing the device. The temperature ranges chosen for the thesis work are 15oC,
25oC, 35oC, 45oC, 55oC. The microscope light is used as the light source. By changing the intensity
of microscope light at different temperatures, the variations in resistance values are observed.
Figures 3.9 and 3.10 are the images of probe station where the testing on the sample took place.

Fig 3.9: Probe station on the right and electrical measurement setup on the left.
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Fig 3.10: Device is placed on the probe stand.

CHAPTER-4
FORMING POROUS SILICON

4.1 Electrochemical etching procedure

After dicing the wafer into small samples, the samples are cleaned with
isopropanol and methanol. Isopropanol is used to clean the excess tiny particles which are on the
silicon sample, formed while dicing the wafer. Methanol is used to remove the excess traces of
isopropanol on the sample. The sample is then allowed to perform electrochemical etching process
(Figure 4.1).

Fig 4.1: Circuit diagram of electrochemical etching process.
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In the electrochemical etching process, the solution of an electrolyte, cathode and an anode are
used. Cathode is the metal which is connected to the negative terminal of the direct current source
and anode is the metal which is connected to the positive terminal of the direct current source. The
process mainly depends on the current density, etching time, anode dissolution and the action of
cation of the electrolyte when the current is ON.

4.2 Sample numbering

In this work, the samples are given numbers based on the electrolyte, etching
time and current density, shown in Tables 1-3.
Based on electrolyte:
Table 1: Sample Numbering Based on Electrolyte for Wafer#1
Wafer#1

A

B

Electrolyte

HF:Ethanol(1:3)

HF:Acetomitrile(1:3)

Table 2: Sample Numbering Based on Electrolyte for Wafer#2
Wafer#2

C

Electrolyte

HF:Acetonitrile(1:3)
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Based on etching time:
Table 3: Sample Numbering Based on Etching Times for Wafer#1 and Wafer#2
Etching Time

5mins

10mins

30mins

Wafer#1

1

2

3

Wafer#2

1

2

3

Current densities in this work are 25mA/cm2, 50mA/cm2. For example, if the
sample number is A1-25, it is a sample from wafer#1 where the electrochemical etching is
performed in HF:Ethanol (1:3) solution at 25ma/cm2 current density for 5mins. For some samples
the current has been increased; for those samples, ‘c’ is used at the end of sample number, for
example, B1-50c in Appendix A.

4.3 Electrochemical etching experiment setup

For this experiment two different solutions of electrolytes are used. They are
200ml of 49%Hydroflouric acid: Ethanol and 49%Hydroflouric acid: Acetonitrile (99.8% pure)
both in 1:3 ratios. That is 50ml of 49%Hydroflouric acid: 150ml of ethanol and 50ml of
49%Hydroflouric acid: 150ml of acetonitrile.
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The sample is the anode and the platinum wire is the cathode. A voltmeter,
ammeter and direct current source are also connected as shown in the Figure 4.2. The positive
terminal of the direct current source is connected to the sample through the red color probe and
the negative terminal of the direct current source is connected to the platinum wire through a black
color probe. Then the sample is dipped into the electrolyte. The power supply is turned ON. A
digital multi-meter is used as an ammeter in this experiment. The constant current source is
maintained and the readings of voltage from voltmeter and current from digital multi-meter are
noted. The current is calculated from current density and area of the sample in Appendix A.

Fig 4.2: Bench setup of Electrochemical Etching process.
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The sample is then removed from the solution using a tweezer and cleaned
(Figure 4.3). The sample is treated with deionized water and blow dried using nitrogen gas.

Fig 4.3: Bench setup for cleaning the samples.
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Set of conditions of the samples on which electrochemical etching is performed:
Wafer#1
Table 4: Samples on Which Porous Silicon is Formed on Wafer#1.
Sample number

Porous silicon Formation

A1-25



A1-50



A2-25



A2-50



A1-50c



B1-50c



B3-50c



1B1-50c



On performing electrochemical etching on the wafer#1 it is evident that for the
samples at low currents, the porous formation is not much observed and when the current is
increased the gold/chromium on the wafer#1 started to etch on the backside of the samples.
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Wafer#2
Table 5: Samples on Which Porous Silicon is Formed on Wafer#2.
Sample number

Porous silicon formation

C1-25



C3-25



C1-50



C3-50



1C1-50



2C1-50



3C1-50



4C1-50



5C1-50



From the wafer#2, the sample C1-50 has better porous formation compared to other samples.
Therefore, the repeatability is performed on five more samples with the conditions of C1-50 in
Appendix A.

CHAPTER-5
SCANNING ELETRON MICROSCOPE

5.1 SEM description

Manfred von Ardenne is the one who invented the true SEM, though earlier
works to present SEM were done by Mc Mullan and Max Knoll. SEM is generally an electron
microscope where the scanning of the sample is performed by the focused beam of electrons
(Figure 5.1). The pattern in which the electron beam scatters is the raster scan pattern. When the
electron beam is focused on the sample, they interact and generate signal providing the information
of the surface topography and material composition. The image is obtained by the combination of
position of beam and the signal detected from the sample. Range of SEM is better than 1nm. SEM
has the ability to analyze data at certain selected points [13].
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Fig 5.1: Schematic of scanning electron microscope.
When the electron beam is incident on the sample, the interaction between the
sample and electrons takes place, in turn dissipating energy in the form of signals. These signals
include secondary electrons, backscattered electrons, heat, photons and diffracted backscattered
electrons. When the electron beam is focused, the atoms get excited and secondary electrons are
emitted [14]. The number of electrons emitted depends on the beam’s angle onto the surface. The
display of the image which shows the topography of the specimen surface is formed by gathering
the secondary electrons which are emitted through a special detector.
Figure 5.2 is the scanning electron microscope which is in the MRDL laboratory
at NIU. The sample is placed in the sample holder of the SEM which is on the left side in the
image. The SEM images are viewed on the display screen which is on the right side. The scan
conditions are set by the control knobs which are in front of the display screen.
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Fig 5.2: Scanning electron microscope.
In this work, the SEM is performed on the small square window on the sample.
Surface analysis of all the samples are observed through SEM and also the cross section of few
samples from the wafer#1 are observed in order to see the depth of pores. The cross section of the
samples is observed by cleaving the sample in to two halves.

5.2 Discussion on SEM images

SEM images of samples of wafer#1 formed by HF:Ethanol (Figures 5.3 and 5.4)
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Fig 5.3: Cross sectional SEM analysis of the porous silicon formed by HF:Ethanol at 25mA/cm2
for 5 and 10 mins.

Fig 5.4: Cross Sectional SEM analysis of porous silicon by HF:Ethanol at current density of
50mA/cm2 and etching times of 10 and 5 mins.
Comparison of SEM images of wafer#1 formed by HF:Ethanol and
HF:Acetonitrile (Figure 5.5).
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Fig 5.5: Surface SEM analysis for the porous silicon formed at increase in current of HF: Ethanol
and HF: Acetonitrile at50mA/cm2 current density and etching time of 5 mins.
From the above shown SEM images it is evident that the porous silicon formed
using HF:Ethanol has rough surface and the samples formed from HF:Acetonitrile have smoother
surface and better pore formation. This analysis shows up with the paper published by Chul-Goo
Kang et al. [15].
SEM Images of wafer#2 formed by HF:Acetonitrile (Figures 5.6 and 5.7).

Fig 5.6: Surface SEM analysis of porous silicon formed by HF:Acetonitrile at a current density of
50mA/cm2 for 5 and 30 mins of etching times.
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Fig 5.7: Surface SEM analysis of porous silicon formed by HF:Acetonitrile at current density of
25mA/cm2 and for etching times of 5mins and 30 mins.
From the above images it is evident that the surface SEM analysis of porous
silicon formed by HF:Acetonitrile at 50mA/cm2 for 5mins shows good pores comparing to the
remaining samples. The samples of HF:Acetonitrile with current density 25mA/cm2 at 5 mins and
30 mins and the sample with current density 50mA/cm2 for 30mins show rough surfaces in the
surface analysis of SEM and no deeper pores are observed.
From SEM analysis of all the sample, the surface SEM analysis of porous silicon
formed by HF:Acetonitrile at 50mA/cm2 for 5mins shows good pores. Therefore to check for the
repeatability of this sample formed by HF:Acetonitrile at 50mA/cm2 for 5 mins, five more samples
are electrochemically etched. The surface SEM of the samples are shown in Figures 5.8 - 5.10.
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Fig 5.8: Surface SEM analysis of porous silicon formed at a current density of 50mA/cm2 for
5mins of etching time.

Fig 5.9: Surface SEM analysis of porous silicon formed at a current density of 50mA/cm2 for
5mins of etching time.
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Fig 5.10: Surface SEM analysis of porous silicon formed at a current density of 50mA/cm2 for
5mins of etching time.
The surface SEM analysis for all the samples to check the repeatability is
performed and found good pore formation of all the samples.

CHAPTER-6

UV-VISIBLE SPECTROSCOPY

In the UV-Vis spectroscopy the electronic transitions take place by using the
light waves in the visible, near UV and near IR ranges. The absorption of the wave length of the
light depends on how easily the electrons are excited [16].
Analysis using UV-Vis is commonly carried out in liquid solutions but study can
also be done in solids and gases. UV-Vis spectrometer is the instrument which is used in UV-Vis
spectroscopy. Using this instrument, transmittance, absorbance and reflectance can be measured.
Transmittance (%T) can be measured by the intensity or amount of light
penetrating through the sample (I) and comparing the amount or intensity of light before it
penetrates through the sample (Io). Absorbance A depends on the transmittance [16].
A= -log(%T/100)
Reflectance (%R) can be measured based on the intensity or amount of light
reflected from a sample (I) and comparing it to the amount or intensity of light reflected from a
reference material (Io).
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6.1 Operation of UV-Visible spectrometer

The UV-Vis spectrometer used for this work is the Perkin Elmer Lambda 35 UVVis. By changing the internal setup, the spectrometer analyses both liquid and solid samples.
The Equipment has the following setup:

Reference

Deuterium

Monochro-

tungsten

mator

Detector

Sample

Output

Fig 6.1: Block diagram of UV-Vis spectrometer.
The light source emits light, which is UV and visible. The light beam is focused
onto a monochromator, for which the output is a light of single wavelength. The light then focuses
onto the sample which is placed on the sample holder. The detector detects the result of the spectra
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and the output data is obtained on the display screen. Figure 6.2 shows Perkin Elmer Lambda 35
UV-Vis Spectrometer which is used in this work.

Fig 6.2: Perkin Elmer Lambda 35 UV-Vis spectrometer.
The spectrometer used for this work undergoes auto correction first, and next
the sample is placed in the sample holder. Auto correction is performed after turning ON the
instrument and making sure no sample is placed in the instrument while performing the auto
correction.
The wavelength range of 400nm-800nm is specified for this work. The data is
collected in the excel sheet and graphs are plotted.
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6.2 UV-Visible Spectrometer plots

The absorption spectra graphs of porous silicon formed by HF:Ethanol of
wafer#1 are plotted in Figures 6.3 and 6.4.

HF:Ethanol
0.28

0.26

0.24

0.22

700

650

600
%A(HF:Ethanol: 25mA/cm2,5mins)
%A(HF:Ethanol: 50mA/cm2,10mins)
%A(HF:Ethanol: 25mA/cm2,10mins)
%A(HF:Ethanol: 50mA/cm2,10mins)
%A(HF:Ethanol: 50mA/cm2,5mins)

Fig 6.3: The absorption spectra graphs of porous silicon formed by HF:Ethanol of wafer#1.

43

HF:Acetonitrile
0.25

0.22

0.19

0.16

0.13
700

650
%A(HF:Acetonitrile: 50mA/cm2,5mins)

600
%A(HF:Acetonitrile: 50mA/cm2,30mins)

Fig 6.4: The absorption spectra graphs of porous silicon formed by HF:Acetonitrile of wafer#1.
Comparing HF:Ethanol and HF:Acetonitrile absorption spectra at various
conditions mentioned in the graph, the HF:Ethanol absorption plots have more noise compared to
HF:Acetonitrile absorption plots. It is clear from the above plots that the porous silicon formed
by HF:Acetonitrile is the better choice compared to porous silicon formed by HF:Ethanol.
The absorption spectra graphs of porous silicon formed by HF:Acetonitrile of
wafer#2 are plotted in Figures 6.5 and 6.6.
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HF:Acetonitrile
0.6
0.4
0.2
0

650

600

550

500

450

%A(HF:Acetonitrile: 25mA/cm2,5mins) A
%A(HF:Acetonitrile: 25mA/cm2,30mins) A
%A(HF:Acetonitrile: 50mA/cm2,30mins) A

Fig 6.5: Absorption spectra of porous silicon formed by HF:Acetonitrile at 25mA/cm2 current
density for 5 and 30mins and at 50mA/cm2 current density for 30 mins.

HF:Acetonitrile

%A(HF:Acetonitrile:
50mA/cm2,5mins)

2.15

%A(HF:Acetonitrile:
50mA/cm2,5mins)
2.05

%A(HF:Acetonitrile:
50mA/cm2,5mins)
%A(HF:Acetonitrile:
50mA/cm2,5mins)

1.95

%A(HF:Acetonitrile:
50mA/cm2,5mins)
%A(HF:Acetonitrile:
50mA/cm2,5mins)

1.85
650

600

550

500

Fig 6.6: Five absorption spectra graphs of porous silicon formed by HF:Acetonitrile at
50mA/cm2 for 5 mins.
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From the above graphs it is very clear that the absorption spectra of porous
silicon formed by HF:Acetonitrile at 50mA/cm2 current density for 5mins has better absorption
compared to porous silicon formed by HF: Acetonitrile at 50mA/cm2 current density for 30 mins.
Porous silicon formed by HF:Acetonitrile at 50mA/cm2 current density for 5mins has almost
satisfied the repeatability condition, as the graphs have almost the same absorption pattern.

CHAPTER-7
RESULTS AND CONCLUSION

The results of the sample C1-50 are as follows: Figure 7.1 is plotted between
resistance and light in the forward bias and reverse bias at constant temperatures. The axes are
resistance on Y-axis and light on X-axis. The temperatures set up are 15oC, 25oC, 35oC, 45oC and
55oC.

Forward Bias and Reverse Bias

8
7

15C F

6

25C F

5

35C F

4

45C F
55C F

Resistance

3

15C R

2

25C R

1

35C R

0

45C R
0

1

2

3

Light
Fig 7.1: The graph is plotted between resistance and light in the forward bias and reverse bias at
constant temperatures of sample C1-50.
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In the forward bias at constant temperature, with the increase in the intensity of
light, the resistance decreases. There is a decrement shift in the resistance at increase in
temperatures. In the reverse bias at constant temperature, with the increase in the intensity of light,
the resistance slightly increases and there is a slight decrement shift in resistance at increase in
temperatures.
Figure 7.2 is plotted between resistance and temperature at constant intensity of
light in the forward bias and reverse bias conditions. The axes are resistance on Y-axis and
temperature on X-axis.

Forward Bias and Reverse Bias
8
7
R R/L=0

Resistance

6

R R/L=1

5

R R/L=2

4

R R/L=3
F R/L=0

3

F R/L=1
2

F R/L=2

1

F R/L=3

0
15

25
35
Temperature

45

55

Fig 7.2: The graph is plotted between resistance and temperature at constant intensity of light in
the forward bias and reverse bias conditions of sample C1-50.
In the forward bias at constant intensity of light, with increase in temperature,
resistance decreases. There is a decrement shift in the resistance at increase in intensity of light. In
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the reverse bias at constant intensity of light, with increase in temperature, resistance decreases.
There is a very slight incremental shift in the resistance at increase in intensity of light.
The forward I-V sweep of the sample C1-50 is shown in Figure 7.3. The device does not exhibit
diode characteristics, but more of the resistive nature is observed. The figure 7.3 shows the diode
forward I-V sweep of the sample C1-50 at two different intensities of light.

Fig 7.3: Diode forward I-V sweep of the sample C1-50.
The results of the sample 1C1-50 are as follows:
Figure 7.4 is plotted between resistance and light in the reverse bias at constant
temperatures. The axes are resistance on Y- axis and light on X-axis. The temperatures set up are
15oC, 25oC, 35oC, 45oC and 55oC.
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3

Light
Fig 7.4: The graph is plotted between resistance and light in the reverse bias at constant
temperatures of sample 1C1-50. In the reverse bias, with increase in the intensity of light resistance
increases. There is a decrement shift in the resistance curve for increase in temperatures.
Figure 7.5 is plotted between resistance and temperature at constant intensity of
light in reverse bias conditions. The axes are resistance on Y-axis and temperature on X-axis.
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Fig 7.5: The graph is plotted between resistance and temperature at constant intensity of light in
reverse bias conditions of sample 1C1-50.
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In reverse bias at constant intensity of light, the resistance decreases with
increase in temperature. There is a slight incremental shift in the resistance curve with increase in
intensity of light.
The diode forward I-V sweep of the sample 1C1-50 is shown in Figure 7.6. The
device exhibits the characteristics of a Schottky diode. The figure show that the device almost
exhibits rectifying characteristics. The current in the forward bias is the correct measurement of
porous silicon resistance. The rectifying behavior is due to the structure of the device, which is the
combination of a resistor and a diode.

Fig 7.6: Diode forward I-V sweep of the sample 1C1-50.
At a voltage of 1.2V, the current for L=2 is 7.50E-05, L=1 is 4.50E-05 and L=0
is 2.75E-05. Therefore, it is observed that there is a decreasing shift in the current curve with
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decreasing intensity of light. The current shift is around 3.0E-05 for light intensity shift from 2 to
1. The current shift is around 2.0E-05 for light intensity shift from 1 to 0.
The results of the reference sample are as follows: Figure 7.7 is plotted between resistance and
temperature at constant intensity of light in reverse bias conditions. The axes are resistance on Yaxis and temperature on X-axis.
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1.2
1
15

25

35

45

Temperature
Fig 7.7: The graph is plotted between resistance and temperature at constant intensity of light in
reverse bias conditions of reference sample.
In reverse bias at constant intensity of light, with increase in temperature there
is not much change in the resistance. There is no shift in the resistance curve at different intensities
of light.
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Figure 7.8 is plotted between resistance and light in the reverse bias at constant
temperatures. The axes are resistance on Y- axis and light on X-axis. The temperatures set up are
15oC, 25oC, 35oC and 55oC.
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Fig 7.8: The graph is plotted between resistance and light in the reverse bias at constant
temperatures of reference sample.
In reverse bias at constant temperature, with increase in intensity of light there
is no change in the resistance.
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APPENDIX A
ELECTROCHEMICAL ETCHING TABLES

Table 6: Wafer#1, HF:Ethanol 1:3, Constant Current Densities (25mA/cm2 and 50mA/cm2),
Constant Time 5mins
Sample

Current

Current

Voltage

Time

number

Density

(mA)

(V)

(mins)

(mA/cm2)
A1-25

25

3.9

2.55

5

A1a-25

25

3.5

2.58

5

A1-50

50

7.4

3

5

A1a-50

50

7.6

3.13

5

56
2

Table 7: Wafer#1, HF:Ethanol 1:3, Constant Current Densities (25mA/cm and 50mA/cm2),
Constant Time 10mins
Sample

Current

Current

Voltage

Time

number

Density

(mA)

(V)

(mins)

(mA/cm2)
A2-25

25

3.8

2.45

10

A2a-25

25

3.7

2.35

10

A2-50

50

7.65

3.38

10

A2a-50

50

7.2

2.82

10

57
2

Table 8: Wafer#1 HF:Ethanol 1:3, Constant Current Density 50mA/cm , Constant Time 5mins
Sample

Current

Current

Voltage

Time

number

Density

(mA)

(V)

(mins)

100.8

2.8

5

(mA/cm2)
A1-50c

50

Table 9: Wafer#1 HF:Acetonitrile 1:3, Constant Current Density 50mA/cm2, Constant Time (
5mins and 30mins)
Sample

Current

Current

Voltage

Time

number

Density

(mA)

(V)

(mins)

(mA/cm2)
B1-50c

50

86

8.47

5

B3-50c

50

83

8.58

30

Table 10: Wafer#2 HF:Acetonitrile 1:3, Constant Current Density 50mA/cm2, Constant Time
(5mins and 30mins)
Sample

Current

Current

Voltage

Time

number

Density

(mA)

(V)

(mins)

(mA/cm2)
C1-50

50

123

8.7

5

C3-50

50

100

8.58

30

58
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Table 11: Wafer#2 HF:Acetonitrile 1:3, Constant Current Density 25mA/cm , Constant Time
(5mins and 30mins)
Sample

Current

Current

Voltage

Time

number

Density

(mA)

(V)

(mins)

(mA/cm2)
C1-25

25

62

4.7

5

C3-25

25

64

5

30

Table 12: Wafer#2 HF:Acetonitrile 1:3, Constant Current Density 50mA/cm2, Constant Time
5mins
Sample

Current

Current

Voltage

Time

number

Density

(mA)

(V)

(mins)

(mA/cm2)
1C1-50

50

50

8.52

5

2C1-50

50

125

8.58

5

3C1-50

50

100

8.39

5

4C1-50

50

112

8.59

5

5C1-50

50

106

8.49

5

APPENDIX B
PROBE TESTING
For sample C1-50:
Table 13: At constant temperature of 15oC, the change in resistance at different intensities of light
in forward bias and reverse bias.
Light

Forward Bias Resistance

Reverse Bias Resistance

0

7.467

2.45

1

6.308

2.47

2

4.752

2.495

3

2.888

2.512

Table 14: At constant temperature of 25oC, the change in resistance at different intensities of light
in forward bias and reverse bias.
Light

Forward Bias Resistance

Reverse Bias Resistance

0

7.441

2.187

1

6.356

2.22

2

4.896

2.245

3

2.951

2.263
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Table15: At constant temperature of 35oC, the change in resistance at different intensities of light
in forward bias and reverse bias.
Light

Forward Bias Resistance

Reverse Bias Resistance

0

6.58

1.949

1

5.585

1.99

2

4.184

2.018

3

2.601

2.04

Table 16: At constant temperature of 45oC, the change in resistance at different intensities of light
in forward bias and reverse bias.
Light

Forward Bias Resistance

Reverse Bias Resistance

0

5.34

1.73

1

4.431

1.775

2

3.232

1.814

3

2.291

1.842

Table 17: At constant temperature of 55oC, the change in resistance at different intensities of light
in forward bias and reverse bias.
Light

Forward Bias Resistance

Reverse Bias Resistance

0

3.97

1.545

1

3.3

1.588

2

2.602

1.62

61

3

1.97

1.648

Table 18: At constant intensity of light, the change in resistance at different temperatures in
forward bias are.
Temperature

Resistance/L=0 Resistance/L=1 Resistance/L=2 Resistance/L=3

15oC

7.467

6.308

4.752

2.888

25oC

7.441

6.356

4.896

2.951

35oC

6.58

5.85

4.184

2.601

45oC

5.34

4.431

3.232

2.291

55oC

3.97

3.3

2.602

1.97

Table 19: At constant intensity of light, the change in resistance at different temperatures in reverse
bias.
Temperature

Resistance/L=0 Resistance/L=1 Resistance/L=2 Resistance/L=3

15oC

2.45

2.47

2.495

2.512

25oC

2.187

2.22

2.45

2.263

35oC

1.949

1.99

2.018

2.04

45oC

1.73

1.775

1.814

1.842

55oC

1.545

1.588

1.6

1.648
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For sample 1C1-50:
Table 20: At constant temperature of 15oC, the change in resistance at different intensities of light
in reverse bias.
Light

Reverse Bias Resistance

0

19.05

1

20.62

2

21.6

3

21.67

Table 21: At constant temperature of 25oC, the change in resistance at different intensities of light
in reverse bias.
Light

Reverse Bias Resistance

0

16.4

1

18.4

2

19.1

3

19.6

63
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Table 22: At constant temperature of 35 C, the change in resistance at different intensities of light
in reverse bias.
Light

Reverse Bias Resistance

0

14.7

1

16.9

2

17.7

3

18.2

Table 23: At constant temperature of 45oC, the change in resistance at different intensities of light
in reverse bias.
Light

Reverse Bias Resistance

0

13

1

15.33

2

16.4

3

17.06

Table 24: At constant temperature of 55oC, the change in resistance at different intensities of light
in reverse bias.
Light

Reverse Bias Resistance

0

10.76

1

13.64

2

14.8

3

15.6
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Table 25: At constant intensity of light, the change in resistance at different temperatures in reverse
bias.
Temperature

Resistance/L=0 Resistance/L=1 Resistance/L=2 Resistance/L=3

15oC

19.05

20.62

21.6

21.67

25oC

16.4

18.4

19.1

19.6

35oC

14.7

16.9

17.7

18.2

45oC

13

15.33

16.4

17.06

55oC

10.76

13.64

14.8

15.6

For reference sample:
Table 26: At constant temperature of 15oC, the change in resistance at different intensities of light
in reverse bias.
Light

Reverse Bias Resistance

0

2.8

1

2.8

2

2.8

3

2.8

65
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Table 27: At constant temperature of 25 C, the change in resistance at different intensities of light
in reverse bias.
Light

Reverse Bias Resistance

0

2.41

1

2.5

2

2.5

3

2.5

Table 28: At constant temperature of 35oC, the change in resistance at different intensities of light
in reverse bias.
Light

Reverse Bias Resistance

0

2.5

1

2.5

2

2.5

3

2.5

Table 29: At constant temperature of 55oC, the change in resistance at different intensities of light
in reverse bias.
Light

Reverse Bias Resistance

0

2.45

1

2.45

2

2.45

3

2.45

66

Table 30: At constant intensity of light, the change in resistance at different temperatures in reverse
bias.
Temperature Resistance/L=0 Resistance/L=1 Resistance/L=2 Resistance/L=3
15oC

2.8

2.8

2.8

2.8

25oC

2.41

2.5

2.5

2.5

35oC

2.5

2.5

2.5

2.5

55oC

2.45

2.45

2.45

2.45

